The influence of coupling strength and temperature on the solute-solvent interaction of two chromophores in polymer glass is reported. The three-pulse photon echo peak shift method was used to study the dye IR144 in polyvinylformal ͑PVF͒ and the dye DTTCI ͑3,3Ј-diethylthiatricarbocyanine iodide͒ in polymethylmethacrylate ͑PMMA͒. IR144 is more strongly coupled ͑larger reorganization energy͒ to both its intramolecular modes and to the solvent than is DTTCI. Our results can be well described by the linearly coupled harmonic bath model over the range 300 to 30 K. In particular, the strikingly different temperature sensitivities of the long-time ͑asymptotic͒ peak shift are well described by the theory. Temperature-independent spectral densities and inhomogeneous widths suffice to quantitatively describe the peak shift data over this temperature range and a number of numerical predictions based on the theoretical model are experimentally confirmed. An ultrafast component corresponding to a decay of ϳ100 fs time scale in the transition frequency correlation function is found in all cases, though the amplitude is small for the DTTCI solutions. This ultrafast response is assigned to the inertial response of the solvent. The inertial response measured for DTTCI in PMMA is very similar to our previous measurements of the inertial response for IR144 in PMMA, suggesting that a general characteristic of the solvent is being probed. The weaker coupling of DTTCI produces a drastic increase in the width of the photon echo signal as predicted by theory and strong vibrational quantum beats at 30 K. By contrast, such beats are not observed in the echo signal for IR144.
I. INTRODUCTION
The dynamical role of solvents in chemical and biological processes has been studied extensively in recent years. [1] [2] [3] Pure liquid dynamics has been probed via nonresonant techniques such as the optical Kerr effect, [4] [5] [6] and the recently developed two-dimensional Raman spectroscopy originally proposed by Tanimura and Mukamel. [7] [8] [9] [10] Solute-solvent interactions have been extensively studied by time-resolved fluorescence Stokes shift, [11] [12] [13] and by a variety of nonlinear spectroscopic methods such as hole burning 14 and transient grating.
While being one of the most successful methods for investigating solvent-solute interactions, time-resolved fluorescence Stokes shift measurements are limited to systems with relatively large reorganization energies. In comparison, the role of the solute tends to be more pronounced in photon echo experiments and there is no limitation associated with the reorganization energy. Therefore, techniques such as three-pulse photon echo peak shift ͑3PEPS͒ measurements can be applied to a much wider range of probe molecules. [15] [16] [17] [18] [19] [20] [21] Among the advantages of 3PEPS are: ͑1͒ high time resolution, ͑2͒ large dynamic range, ͑3͒ insensitivity to excited state lifetimes, and ͑4͒ the ability to detect static inhomogeneity. A probe molecule dependence of the chromophore-solvent interaction was even reported in the initial 3PEPS measurements performed by Ippen and co-workers. 22, 23 More recently, the 3PEPS measurement has been developed into a powerful tool for the study of chromophore-solvent interactions in systems with complex interchromophore interactions. 21, 24, 25 In the many recent studies of solvation dynamics there has emerged a clear separation of the relaxation into an ultrafast ͑ϳ100 fs͒ inertial response and a slower diffusive relaxation occurring on a picosecond time scale. [1] [2] [3] 14, 17, 20, 26 The inertial response was first observed in acetonitrile, and arises from small angular displacements of the nuclei, with the largest contribution coming from the first solvation shell. 27 The inertial response is often approximated by a Gaussian component in liquid solvents while it appears to be a severely damped oscillation in polymer glass. 17, 20, [27] [28] [29] [30] 3PEPS measurements have revealed that, although the amplitude varies significantly, the inertial response exhibits an almost identical time scale in different solvents including the polymer glass polymethylmethacrylate ͑PMMA͒. 20, 29, 30 The observation that on short time scales the solvent response should be very similar in different solvents is supported by computer simulations and theoretical models such as the instantaneous normal mode analysis ͑INM͒. [31] [32] [33] [34] vation typically exhibits an exponential or a multiexponential relaxation in most solvents. In contrast to the inertial relaxation, diffusive relaxation times vary strongly from solvent to solvent and thus reveal characteristics specific to a given solvent. 12, 20, 29 The most common approach to modeling the chromophore-solvent interaction involves linearly coupling the electronic transition of the chromophore to a bath of harmonic oscillators. While providing substantial simplification of a difficult physical problem, this approach still allows for a wide variation in the observed behavior of different chromophore/solvent pairs. 35, 36 In such a model the observed behavior is controlled by a temperature-dependent coupling strength, ͗⌬ 2 ͘, and the width of the inhomogeneous distribution, ⌬ in . The coupling strength can be written in terms of a temperature-independent spectral density, ͑͒, which describes the coupling constant weighted density of states of those nuclear motions coupled to the electronic transition.
The temperature dependence of ͗⌬ 2 ͘ arises from the changing populations of the various quantum levels with temperature. Of course the spectral density itself may be temperature dependent; however, we have recently shown that the ultrafast portion of the solvent response can be reasonably well described by a temperature-independent spectral density.
30
As expected, the diffusional relaxation in liquids is extremely anharmonic and therefore is not well represented within the context of a temperature-independent ͑͒.
29,37
The temperature dependence of ⌬ in is less obvious. The simplest approach is to assume that it is temperature independent. However, resonance Raman studies have been interpreted with substantially larger inhomogeneous widths at room temperature than are found at low temperature, suggesting this assumption must be applied with care. 38 Many characteristics of echo phenomena depend on the ratio of ͗⌬ 2 ͘ and ⌬ in . As a result, even with a temperatureindependent ⌬ in , striking effects of temperature can be observed.
In this paper we address the role of variation in coupling strength ͑or reorganization energy, ͒ in photon echo signals by studying IR144 in polyvinylformal ͑PVF͒ and DTTCI ͑3,3Ј-diethylthiatricarbocyanine iodide͒ in PMMA. Among the advantages of using polymers as solvents are the readily accessible large temperature range and the fact that the diffusive ͑anharmonic͒ portion of the response is so slow that it can be treated as static inhomogeneity. 30 Thus it becomes easier to focus on the role of intramolecular vibrations and solvent inertial motion in the nonlinear spectroscopic results. These results can then be applied in developing theoretical models in terms of a coupled set of harmonic modes. One serious difficulty is that signals in all ultrafast experiments contain contributions from intramolecular dynamics and those signals may contaminate the signal assigned to the ultrafast inertial response of the solvent. [39] [40] [41] Although the use of probe molecules with small numbers of Franck-Condon active modes is clearly indicated, it is often experimental considerations that dictate the use of large dye molecules with the potential for many active low-frequency modes. This problem may be partially alleviated by comparison of different probe molecules where the differences in active low-frequency modes can help to elucidate their contribution to the ultrafast component.
Our group 20, 29, 30 and Wiersma and co-workers [15] [16] [17] have performed complementary photon echo studies in a series of solvents, with our work focusing on IR144 as the probe and Wiersma and co-workers using DTTCI as the probe. In our studies, an ultrafast Gaussian component was found ͑with varying amplitude͒ in almost all solvents studied, including ethylene glycol. Wiersma and co-workers reported no such ultrafast component for DTTCI in ethylene glycol and they reported relaxation times typically 1.5-2 times slower than ours. 15, 17 The studies reported here give us the opportunity to investigate the extent to which the probe molecule contributes to this difference. In our previous study of IR144 in PMMA, we showed by simulation that probe molecules with different coupling strength can exhibit different temperature dependencies. 30 For example, the echo signal itself becomes wider and the long-time ͑''asymptotic''͒ peak shift becomes larger as temperature is lowered. These effects are more significant for molecules with weaker coupling strength. Here we confirm this prediction and clarify a number of coupling strength dependent aspects of echo spectroscopy.
II. EXPERIMENT
The experimental apparatus was described in detail previously and only a brief outline will be given here. 20, 29, 30 The light source was a cavity-dumped Kerr lens mode-locked Ti:sapphire laser with a center wavelength of 780 nm and a pulse duration of 20 fs. The repetition rate was usually kept under 40 kHz to avoid heating and damage of the sample. Beams were focused into the sample by a 20 cm achromatic lens. The power of each of the three beams was kept under 600 pJ/pulse to avoid saturation effects. Photodiodes and lock-in amplifiers were used for signal detection and amplification. For the room temperature measurements, samples were rotated by an electric motor to avoid damage. For temperature-dependent measurements, the sample was stabilized on a brass holder inside the vacuum chamber of a closed-cycle helium cryostat. The sample temperature was measured by silicon diodes attached to the sample and holder. At low temperatures no damage of the samples was detected. The temperature stability was Ϯ0.5 K when a complete 3PEPS signal was measured at a given temperature, and it was Ϯ1.0 K when the temperature dependence of the asymptotic peak shift was measured, since stabilization was difficult when temperature was scanned.
PMMA, PVF, IR144, and DTTCI were used as received from Aldrich and Exciton. Sample glass films were prepared by mixing the dye and polymer in chloroform/methanol ͑2/1͒ solution. The sample was then spread on a quartz plate and dried under closed atmosphere for one day. Rapid preparation and drying of the samples was necessary to avoid aggregation of the dyes. Samples were then kept under vacuum for several days to remove any residual solvent. The samples' thickness ranged from 70 to 150 m, with the optical density ͑O.D.͒ ranging from 0.7 to 1.6. The higher optical densities gave stronger signals, but no significant change in the overall features of the signal.
III. 3PEPS MEASUREMENT
The method of measuring a 3PEPS signal has been described in detail previously. 17, 20, 29, 30, 42 The 3PEPS experiment has been shown to be capable of determining the transition frequency correlation function, M (t), and the width of the inhomogeneous distribution, ⌬ in . The experiment is a three-pulse stimulated echo in which both echo signals at phase matching conditions k 1 Ϫk 2 ϩk 3 and Ϫk 1 ϩk 2 ϩk 3 are simultaneously recorded. Since there are three pulses, there are three time periods to consider, of which the first two are under experimental control. The first time period, , during which the system is in an electronic superposition state, is scanned. During the second time period, T, the system is in a diagonal ͑population state͒. This is the key feature of the experiment that provides the large dynamic range. The third pulse creates the final superposition state which leads to rephasing and echo formation. This last period is integrated to record the echo intensity as a function of . The observable of interest is the location of the echo maximum with respect to zero delay for different fixed values of T. The shift from zero delay, *(T), we refer to as the peak shift, and by measuring both phase matched echoes simultaneously, this can be determined with Ϯ0.3 fs precision under optimal conditions. A plot of *(T) vs T constitutes a 3PEPS spectrum.
IV. THEORETICAL BACKGROUND
Here we briefly discuss the theoretical background used to analyze the data. The broadening of spectral lines in condensed phases has been used to probe the interaction of molecules and their environment for many years. 1, 35, [43] [44] [45] [46] [47] [48] Broad featureless electronic spectra are typical of chromophores in liquids, proteins, and glasses. The simplest model which describes the mechanism of this line broadening, including the dynamics masked within the spectra, is the linearly coupled harmonic bath model. In this model only two electronic states, the ground and excited states, are considered, and they are described by harmonic free energy surfaces of the nuclear coordinates ͑linear response͒. When the curvatures of the two surfaces are the same, and when their minima are displaced, the transition frequency depends linearly on the nuclear coordinate ͑linear coupling͒. The displacement is measured by the reorganization energy, . Generally there are many degrees of freedom in the condensed phase, thus the coordinate is multidimensional. It is assumed that the shape and the position of these surfaces do not change with temperature. The optical transition frequency, eg i , for a particular chromophore, i, dissolved in a glass can be written as
where ͗ eg ͘ is the average value of the transition frequency and ⌬ i is a static offset from this mean for the particular chromophore. In this picture, ⌬ in is the width of the distribution of ⌬ i . ␦ eg (t) gives the dynamical contributions to the spectrum and is described by the transition frequency correlation function
. ͑2͒
In the intermediate inhomogeneous limit and for times longer than the bath correlation time, the peak shift, *(T), becomes proportional to M (t), 18 *͑T͒ϭ
where T is the population time, ͗⌬ 2 ͘ is the coupling strength,
It can be seen from Eq. ͑3͒ that when T→ϱ, a nonzero * value indicates the existence of static inhomogeneity, i.e., ⌬ in 0.
A 3PEPS signal can also be numerically calculated from third-order response functions written in terms of a line broadening function, g(t). The line broadening function can be written in terms of M (t) 35, 36, 51 
where M (t)ϭM Ј(t)ϭS(t) in the high temperature limit.
Here we can see that the real and imaginary parts of g(t) are proportional to the coupling strength ͗⌬ 2 ͘ and the reorganization energy , respectively. This means that the real part of g(t) is related to spectral broadening while the imaginary part is related to the Stokes shift. As a result, fluorescence Stokes shift experiments measure only the imaginary component of g(t) and are insensitive to ⌬ in . The spectral density, ͑͒, plays a key role in our analysis. In terms of the spectral density, M (t) and S(t) are expressed as
where ␤ϭ(k b ⌰) Ϫ1 , k b is the Boltzmann constant, and ⌰ is the absolute temperature. We treat the inertial response as a Brownian oscillator, while the intramolecular modes are treated as damped cosines. Note that in our previous study all modes were treated as damped cosines. 30 For the Brownian oscillator the analytical form of the spectral density is 52 ͑ ͒ϭ 2
where the oscillator frequency is j and the damping constant is ␥ j . Once ͑͒ is obtained, the only fitting parameters are and ⌬ in . Our method of analysis is as follows. ͑1͒ Obtain ͑͒ by fitting room temperature 3PEPS data. ͑2͒ Using ͑͒, fit the temperature dependence to determine values of and ⌬ in . ͑3͒ Calculate the absorption spectra with the parameters obtained to check for consistency.
V. EXPERIMENT RESULTS
A. Absorption spectra and molecular structures of the samples Scheme 1 gives the molecular structures of the samples. In our previous 3PEPS experiment we used PMMA, which is rather a bulky polymer with carbonyl side chains that may be able to rotate quite freely. The new polymer, PVF, was chosen because of the rigid structure. The dye, IR144, often used by Fleming and co-workers, 20, 29, 30 is a larger molecule than DTTCI and contains a larger number of low-frequency vibrations. Thus DTTCI may be a better probe, although it is still large enough to have low-frequency large amplitude motions. Figure 1 shows the absorption spectra of IR144 in PVF and DTTCI in PMMA. The absorption spectrum of IR144 is much wider than that of DTTCI. The absorption spectrum of IR144 in PMMA ͑see Ref. 30͒ has a similar bandwidth to that in PVF, but is shifted slightly to shorter wavelength. The peak positions are 774 and 765 nm in PVF and PMMA, respectively. This may indicate that PVF is slightly less polar than PMMA, since the absorption peak of IR144 shifts to the red in less polar solvents. The Stokes shift of IR144 is also larger than DTTCI in all the solvents we have studied. For example, in methanol, the Stokes shifts are 1539 and 427 cm Ϫ1 and in acetonitrile they are 1640 and 740 cm Ϫ1 for IR144 and DTTCI, respectively. The increased width of the spectrum of IR144 may result from stronger coupling to the solvent, coupling to a larger number of intramolecular modes, or both. It is not clear which is the dominant factor and the two are likely to be linked; however, since IR144 has a more complex structure, the second possibility cannot be ignored.
Based on our previous simulations we predict that the echo of a molecule with a smaller value of will have a stronger temperature dependence, i.e., at lower temperature the echo signal becomes wider and the 3PEPS asymptotic peak shift, asym * , becomes larger. 30 From the absorption spectra and the Stokes shift, it is clear that IR144 has a larger , and thus we expect DTTCI to exhibit a stronger temperature dependence.
B. Three-pulse photon echo and peak shift signals Figure 2 shows the echo signal of IR144 in PVF at two population times. When the temperature is decreased from room temperature to 43 K, the peak shift clearly increases, while the increase in the width is not as significant, from 25 to 30 at Tϭ50 fs, assuming a Gaussian function for the echo shape. For IR144 in PMMA ͑see Ref. 30͒, the increase of the echo width was almost negligible, 21 to 22 fs. For DTTCI in PMMA, a substantially larger increase, from 35 to Ͼ45 fs, is observed. As expected, the strongest temperature dependence is observed for DTTCI. Figure 3 shows a log plot of the echo signal for DTTCI in PMMA at 31 K. Clearly evident is a vibrational beat. Such a beat was not observed in any of the IR144 samples. The quantum beat observed in the echo signal of DTTCI at 32 K shows interesting behavior when T is changed, as seen in Fig. 3 . Population times of Tϭ80, 180, and 280 fs correspond to minimum, maximum, and minimum of the beats seen in the 3PEPS signal ͓Fig. 5͑a͔͒. As T FIG. 1 . ͑a͒ Absorption spectrum of IR144 in PVF at room temperature. Solid line: experimental spectrum, dotted line: calculated spectrum without high-frequency modes; dash-dotted line: calculated spectrum including three high-frequency modes. ͑b͒ Absorption spectrum of DTTCI in PMMA at room temperature. Solid line: experimental spectrum; dotted line: calculated spectrum without inclusion of high-frequency modes. is increased, the second peak moves closer to the first peak, and when the population time matches the period of the beat, Tϭ180 fs, they overlap. At longer times, the second peak reappears as seen in Fig. 3͑d͒ . This behavior sheds light on the appearance of quantum beats in the 3PEPS signal. When the two peaks of the echo signal are far apart, the peak shift is small; when the second peak moves closer to the first, the shift becomes larger.
When the effect of rephasable inhomogeneity is negligible, molecules with narrower bandwidth should have longer dephasing times simply based on the Fourier transformation relation. As the temperature decreases, ͗⌬ 2 ͘ will decrease, and as a result the bandwidth will decrease and the dephasing time will become longer. The echo width of IR144/PMMA remains almost constant at ϳ20 fs, demonstrating that the dephasing time is fast over the experimental temperature range and therefore the echo width is limited by the pulse duration. Figure 4͑a͒ shows 3PEPS data for IR144 in PVF at 294 and 43 K. The peak position of the echo signal is plotted as a function of population time, T. The 3PEPS of IR144 in PVF features an ultrafast decay of Ͻ100 fs and quantum beats exist for times Ͻ1 ps. At longer times the peak shift remains nearly constant. This behavior is similar to our previous result for IR144 in PMMA. The ultrafast decay can be separated into two parts that occur with time constants of ϳ10 and ϳ60 fs. The first component results from destructive interference of intramolecular wave packets and the second arises from the inertial response of the polymer. 20, 30 Here we need to emphasize that these time constants are not directly related to those present in M (t). Equation ͑3͒ holds only when T is larger than the bath correlation time. In addition, at shorter times there are pulse duration effects. The actual time constant relating to the inertial response in M (t) is ϳ100 fs and the amplitude is smaller than in the peak shift fit ͑this point is explained in more detail in Ref. 30͒ . The 3PEPS signal of DTTCI in PMMA, shown in Fig. 5͑a͒ , is dominated by quantum beats and almost no ultrafast decay can be observed. This is consistent with the results of Wiersma and co-workers. 17 In parallel with the IR144 data, the 3PEPS of DTTCI does not decay to zero within our experimental time range of Tϭ120 ps. The-long time value of the peak shift, asym * , increases from ϳ3 to ϳ6 fs for IR144 in PVF and from ϳ5 to ϳ14 fs for DTTCI in PMMA as the temperature is reduced from 294 to 30 K.
VI. ANALYSIS AND DISCUSSION

A. Spectral density
Fits of the experimental 3PEPS signal from IR144 in PVF at 294 and 43 K are shown in Fig. 4͑a͒ and the spectral density, ͑͒, obtained by fitting the 3PEPS data, is shown in Fig. 4͑b͒ . The parameters used to construct ͑͒ are given in Table I . The frequencies listed in this table are somewhat different than the ones seen in ͑͒, especially at low frequencies. Since M (t) is temperature dependent while ͑͒ is not, the low-frequency modes in the room temperature M (t) have lower frequencies than those in ͑͒. The total value of obtained from the fit is 339 cm Ϫ1 and the value of ⌬ in is 315 cm
Ϫ1
. The fit is quite good at both temperatures, although the initial peak shift at room temperature is overestimated. We believe this discrepancy arises from intramolecular high-frequency modes which are not explicitly included in the simulation. While we did include the seven intramolecular modes of IR144 that were previously detected, 30 with our laser pulse duration, 20 fs, modes with higher frequency than 1000 cm Ϫ1 cannot be excited impulsively. The lowest frequency mode ͑80 cm Ϫ1 ͒ ͓see Fig. 4͑b͔͒ is assigned to the inertial response of PVF which causes the 100 fs decay. Note that the actual center frequency in 2 () is different from the frequency, j used to calculate the Brownian oscillator since it depends on damping the factor, ␥ j . The calculated value of , 339 cm
, is considerably smaller than that expected from the Stokes shift measurements in liquid solvents. This discrepancy arises mainly from the fact that the diffusive solvation turns into static inhomogeneity, ⌬ in ϭ315 cm Ϫ1 , in a glass. In addition, PVF and PMMA are less polar than solvents such as methanol and acetonitrile.
The fits to the 3PEPS data for DTTCI in PMMA are shown in Fig. 5͑a͒ , and the ͑͒ used to calculate the fits is given in Fig. 5͑b͒ . The fitting parameters are listed in Table  II . Consistent with the work of Wiersma and co-workers, only three intramolecular modes are detected. 17 The lowest frequency mode at 85 cm Ϫ1 is the inertial response of FIG. 5 . ͑a͒. 3PEPS data ͑symbols͒ and calculated curves ͑lines͒ for DTTCI in PMMA at 294 and 31 K. ͑b͒ The spectral density used for the calculations in ͑a͒. The Brownian oscillator spectral density proposed to represent the ultrafast polymer response is indicated by a dotted line.
FIG. 6. Experimental ͑symbols͒ and calculated ͑lines͒ temperature dependence of the long-time ͑asymptotic͒ peak shift for IR144 in PVF and DTTCI in PMMA. PMMA
, respectively, which are roughly half of the values obtained for IR144 in PVF. Again, the value of is substantially smaller than that indicated by the Stokes shift ͑444 cm Ϫ1 ͒. In Ref. 17 , it was suggested that the vibrational mode of IR144 at 718 cm Ϫ1 has an unphysically fast decay time ͑100 fs͒ for a Raman mode, and this mode may provide the necessary initial ultrafast decay in the correlation function. However, the broad bandwidth of the 718 cm Ϫ1 mode most likely arises because it represents a sum of several modes that are not resolved. It is clear from the comparison of Figs. 4 and 5 that the ϳ100 fs decay comes from the lowest frequency mode. Moreover, the 718 cm Ϫ1 mode appears as a quantum beat with a period of 46 and not as a 100 fs decay in M (t). This beat is not clear in 3PEPS data since its intensity is weak, although it can be observed in the transient grating signal.
To test these assertions and to confirm that these fitting parameters are physically reasonable, we compared the simulated and experimental absorption spectra. The results are shown in Fig. 1 . Usually when the absorption spectrum is calculated from ultrafast spectroscopy experiments, the blue edge of the spectra cannot be reproduced because of the finite pulse duration, i.e., the high-frequency modes cannot be impulsively excited. The calculated spectrum of IR144 in PVF is too narrow, while that of DTTCI in PMMA matches the red side of the experimental spectrum quite well. The origin of this difference lies in the bandwidth of the laser pulse which is ϳ40 nm. It is sufficient to cover the major portion of the DTTCI spectrum but is narrower than the absorption band width of IR144. For IR144, resonance Raman data are available and addition of three high-frequency modes, 946, 1265, and 1625 cm Ϫ1 to the calculation greatly improves the fit ͓''_•_'' in Fig. 1͑a͔͒ . Their reorganization energies are 106, 91, and 166 cm Ϫ1 , respectively, and their dephasing times are each set to 2 ps. However, it is still somewhat narrower than the experimental spectrum. This may indicate that more vibrational modes are missing in the line shape function.
B. Temperature dependence of asym *
In a previous investigation, the asymptotic values of the peak shift, asym * , of IR144 in PMMA increased when the temperature was decreased. However, the asym * started to decrease below ϳ80 K and in this temperature range we were unable to fit the data. 30 In the present study, as Fig. 6 shows, this behavior is not seen. This result suggests that our previous hypothesis, that the turnover behavior is the result of transition from intermediate inhomogeneous to strongly inhomogeneous limit, was not correct. The temperature dependence of asym * was simulated using the obtained ͑͒, ⌬ in , and . The simulations fit the data very well with a temperature-independent spectral density and a single, fixed value of ⌬ in over the full temperature range. As there are no adjustable parameters in the calculated curves of Fig. 6 , the quality of the agreement provides strong support for the model of linear coupling to a harmonic bath with a temperature-independent inhomogeneous width. The much steeper slope of the DTTCI/PMMA data in Fig. 6 confirms the theoretical prediction that asym * will show stronger temperature dependence for molecules with smaller reorganization energies. We can only speculate on the origin of the ''turnover'' observed previously for IR144/PMMA; perhaps this arises from some specific interaction between these two species.
To see why the long-time value of the peak shift increases more rapidly with temperature for DTTCI, consider the temperature dependence of asym * , Eq. ͑8͒,
͑Note that this expression is only valid in the high temperature limit.͒ It is clear from this relation that asym * will always increase with decreasing temperature and no turnover is expected. We will not write the full expression since the equation is quite complicated, but the relation,
also holds. This means that when decreases, the temperature-dependent slope will always get steeper. The values of the slopes at 150 K calculated from Eq. ͑8͒ are Ϫ19 and Ϫ43 attoseconds/K for IR144/PVF, and DTTCI/ PMMA, respectively. If we assume that the experimental asym * varies linearly with temperature, the experimental slopes are Ϫ13 and Ϫ35 attoseconds/K for IR144/PVF, and DTTCI/PMMA, respectively. This is in reasonable agreement with the predicted values, especially given the restriction of Eq. ͑8͒ to the high temperature limit.
C. Comparison of inertial responses
The assignment of the ϳ60 fs decay in the 3PEPS data to the inertial response of the solvent is supported by several lines of argument. First we showed in a previous study that the spectrum assigned to this component matches the Raman spectrum assigned to librational motion of pure PMMA. 30, 53 The optical Kerr data of Kinoshita and co-workers also support this assignment. 52 These workers found that in liquids, the inertial response decays quite monotonically, while in polymers, it shows a slight recurrence. For PMMA, the librational spectrum peaked around 80 cm
Ϫ1
, in close accord with our result. We also found in our previous study that the response assigned to inertial behavior can be described as Gaussian in liquids, but has to be treated as a severely damped oscillator in glasses in order to obtain the undershoot evident in the data. 30 The spectra of the inertial responses obtained in the present experiments are shown as dotted lines in Figs. 4͑b͒ and 5͑b͒. The M (t) obtained from these spectra are shown in Fig. 7 . The recurrence at 294 K is not as clear as that of room temperature IR144/PMMA reported previously, but it becomes more apparent at 30 K. This temperature dependence is caused by the coth term in Eq. ͑5͒.
For IR144, only a single inertial component is necessary to fit the data; however, DTTCI/PMMA required another low-frequency mode which decays in ϳ300 fs to improve the fit, as shown in Table II . Overall, the two probes in PMMA give a very similar picture, in contrast with the previously reported results in solution. The differences may have arisen from different fitting procedures and the difficulty of extracting a small amplitude inertial response in the presence of diffusive relaxation. For the present study, the similarities in the solvation response between the two probe molecules are great enough that further discussion of any differences is not warranted. To address the probe dependence in more detail, simpler rigid probes such as coumarins or oxazines are required.
VII. CONCLUDING REMARKS
We have explored the role of the coupling strength between electronic transitions and nuclear degrees of freedom via photon echo studies of IR144 in PVF and DTTCI in PMMA over a wide temperature range. We were able to quantitatively test and confirm a number of predictions based on a model of linear coupling to a harmonic bath. 30 In particular, we confirmed that the temperature dependence of the width of echo signals and of the long-time value of the peak shift, asym * , were both much stronger functions of temperature for DTTCI ͑ϭ138, ⌬ in ϭ190 cm Ϫ1 ) than for IR144 ͑ϭ339, ⌬ in ϭ315 cm Ϫ1 ). We were able to quantitatively predict the temperature dependence of both the full peak shift curve and of asym * from temperature-independent spectral densities and ⌬ in values for both systems, providing strong support for the harmonic bath model in situations where diffusive motions are absent. We also note that, as might be expected, increased intramolecular coupling correlates with stronger coupling to the solvent librational degrees of freedom. The weak coupling of DTTCI to the solvent resulted in strong quantum beats in both the echo itself and in the 3PEPS response.
The ultrafast response ͓ϳ60 fs in the 3PEPS signal, ϳ100 fs in M (t)͔ of PMMA was very similar for both probes, although the amplitude of this component was small for DTTCI/PMMA. We are confident in assigning this component to the inertial solvent response for a number of reasons, including the excellent agreement of the spectral density to Raman and optical Kerr data. 52, 53 Overall, the above results suggest that the 3PEPS technique combined with the harmonic bath model can be used to accurately characterize dilute chromophores in moderately disordered hosts over wide temperature ranges. This gives us confidence that application of the technique to more complex systems, such as chromophore aggregates-for example, light harvesting complexes-will prove rewarding. 21, 24, 25 
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